The process of insertion of molecular oxygen and nitrogen into polyhedral oligomeric silsesquioxanes (POSS) has been investigated theoretically. Using ab initio methods, the N2interaction with the POSS has been described with restricted Hartree−Fock (RHF) with a triple-ζ basis set, while systems involving O2 require restricted open shell (ROHF) wave functions, to account for their open-shell ground states. This insertion process is described in terms of the energetic change that the system X2::POSS undergoes when the gas molecule passes from the exterior to the interior of the cage through the largest of its faces. The formation of the cluster occurs through a transition structure that has been characterized for each system. The barrier is a function of the dimension of the face of the POSS and, hence, of the cage dimensions. The results of the calculation are consistent with experimental observations that the O2 molecules pass through a given membrane more easily than N2.
Introduction
Polyhedral oligomeric silsesquioxanes (POSSs) have been known for many years. 1 In the last few decades, they have become increasingly important for a variety of applications. For this reason, the processes of POSS synthesis have lately undergone a large development passing from a small amount production in laboratories to larger industrial scale quantities. 2 The identification and characterization of POSS are normally accomplished in solution (IR and NMR) solid state (X-ray and neutron diffraction) and gas phase (mass spectroscopy). [3] [4] [5] [6] Theoretical techniques may be applied to complement and to provide insight to the experimental results. For example, the mechanism of synthesis and reaction of POSSs have been studied by theoretical means. 7 The design and prediction of the structure and stability of other types of POSS have also been supported by theory. 8, 9 Because of their nanostructure nature and their ceramic-like properties (creep and oxidation resistant), POSSs are being used in the synthesis of polymer-derived ceramics. 10 Additionally, they constitute the basic reagent for the preparation of hybrid (inorganic-organic) polymers. 11 Recently, they have been used in the construction of microelectronic mechanical systems 12 and fabrication of microoptical devices. 13 They serve as excellent models to mimic the "functions" of zeolites; for example, gallosiloxanes are analogous to the building units of zeolites. 14 Metal-containing silsesquioxanes, oligometalla-silsesquioxanes, function as catalytic converters for homogeneous catalysts for olefin processing: metathesis, epoxidation, and polymerization of alkenes are easily accomplished with POSS derivatives. 15 Similarly, POSSs are also being used as models for heterogeneous silica-supported catalysts. 16 They have also found application as supporters for the Ziegler-Natta catalysts. 17 In optics, they have a fruitful area of applicability as liquid crystals. 18 They have also been proposed as possible NLO species due to their high transparency, 19 as models for oxosurfaces in micro- 20 and mesoporous silica, 21 and as metal surface and cluster additives for silicon, 22 iron, 23 and gold. 24 The cage-like molecular structure of POSS makes them potentially useful substances for separating mixtures of gases as has been observed in siloxanes 25 and silicon-based capillary membranes. 26 It is experimentally known that silicone rubber, as poly(dimethylsiloxane), presents a large permeability to oxygen molecules compared with those of nitrogen. 27 The observed permselectivity makes these compounds useful materials for the separation of N 2 /O 2 mixtures. 28 These observations have been attributed to the difference in size of the two molecules: the O 2 has a smaller molecular sieving radius compared to N 2 . However, the empirical covalent atomic radii of oxygen and nitrogen are very similar (0.73 and 0.75 Å respectively), 29 so the observed selectivity may be due to other factors as well.
The focus of this paper is on the study of how the structure and the topography of POSS faces can affect and possibly be used to control the absortion of small X 2 molecules nitrogen and oxygen.
Computational Details
Geometry optimizations were performed using Hartree-Fock calculations and the TZV (d,p) 30 The symbol "T n " will be used to name the POSS that contains n silsesquioxenyl (HSiO 3/2 ) units. The symbol "D m " will denote the faces of the POSS containing m silicon atoms. In addition, the nomenclature of a POSS may be complemented by providing the symmetry point group it belongs to and also the characteristic topological descriptor {r s ‚‚‚t u }, which indicates the number sof r-membered rings (faces) that comprises the polyhedron T n . 3 Each system that involves interaction between the X 2 molecule and the POSS (namely, the cluster or transition structures) will be referred to as X 2 ::T n .
The optimization of the molecular geometries of all T n systems was performed in natural internal coordinates, 31 while Cartesian coordinates have been used for the clusters and transition structures X 2 ::T n . For each equilibrium nuclear configuration (gradient of the energy no larger than 10 -6 hartree/ bohr), the structure was characterized by the analysis of the Hessian (matrix of the energy second derivatives with respect to the nuclear coordinates). All structures were thereby identified as local minima or transition structures (TS) on their potential energy surfaces (PES).
Electron correlation was taken into account using single point second-order Møller-Plesset perturbation theory (MP2) 32 calculations at each stationary point. This work has been accomplished by the parallel MP2 method 33, 34 in GAMESS. 35 Results and Discussion A. T 8 . The POSS-T 8 , (SiHO 3/2 ) 8 , has been broadly studied experimentally and theoretically. In solution, 1 H-and 29 Si NMR experiments show unique signals in both spectra, which reveal an octahedral structure. 3 In the solid, however, its structure, determined by neutron diffraction at 29 ( 0.5 K, belongs to the T h point group. 36 To investigate these differences, we have assessed the symmetry of T 8 in the gas phase, studying four possible structures: C 4V , D 4h , T d , and O h . All of them converged to the same O h geometry with a topological descriptor {4 6 } (Figure 1) .
The molecular structure in the crystal, despite being T h , is very close to O h symmetry. A comparison of the predicted and experimental geometries is presented in Table 1 where it may be seen that the agreement between theory and experiment is very good. The HF split-valence plus polarization study reported by de Man and Sauer predict a Si-O distance of 1.64 Å. 8c Tossell has calculated the HF/6-31G* structure of T 8 and found a Si-O distance of 1.619 Å. 9 Using DFT-based methods with a double-basis set, Xiang et al. have studied the molecular and electronic structure of T n -POSS (n even, 4-16). 37 Although the calculated symmetry of the T 8 -POSS is O h , the dimension of each D 4 face and the volume of the POSS are slightly larger than those predicted in the present study, as shown in Table 1 . Pasquarello et al., 22c using LDA-DFT with effective core potentials (ECP) have obtained results (Si-O 1.62 Å) very close to the experimental X-ray diffraction values (Si-O 1.62 Å). 38 However, DFT-B3LYP calculations with the SBKJC-ECP basis set performed in this laboratory predict that the O h structure of the T 8 -POSS corresponds to a second-order saddle point, which relaxes to a less symmetric D 4h structure that is 0.5 kcal/mol lower in energy. It is concluded that the HF/double-level of theory is a reasonable approach for the gas-phase geometry optimizations. It is anticipated that an accurate description of their interaction with X 2 will require larger basis sets.
Since the main focus of this work is to assess the ability of small molecules to pass through T n cages, it is interesting to consider the size of the T 8 cage further. The Si-O distance of 1.624 Å and predicted O h symmetry leads to a 4.442 Å distance between two diametrically opposite silicon atoms, while two opposite oxygen atoms are 3.726 Å apart. For comparison, the HF/TZV(d) interatomic distances for N 2 and O 2 , are 1.068 and 1.153 Å respectively; therefore, the dimension of these molecules is small enough to fit inside a T 8 cage. This is still the case if one considers twice the atomic radius: 1.46 and 1.50 Å for N 2 and O 2 , respectively.
In addition to the octahedral structure, T 8 has two possible isomers that show other classes of faces different from D 4 . The structures of these isomers, C 2V -{3 2 4 2 5 2 } and D 2h -{3 4 6 2 }, are shown in Figure 2 .
The energies of these structures relative to the O h structure are 12.8 and 38.8 kcal/mol for the C 2V and D 2h . isomers, respectively, due to the presence of the smaller D 3 rings. 39 So, since all of these species have a D 4 face, the T 8 -O h system has been used as the model for the study of D 4 penetration by X 2 . The larger D 5 and D 6 faces are discussed in the subsequent sections on the T 10 -D 5h , and T 12 -D 6h systems.
The transition structures for insertion of singlet N 2 and triplet O 2 are illustrated in Figure 3 . While the TS for the N 2 system has C 4V symmetry, the O 2 structure at that symmetry is a secondorder saddle point; the location of the actual O 2 TS has C 2V symmetry.
The presence of the N 2 molecule traversing the D 4 face of the T 8 -POSS distorts the geometry of the POSS. The N 2 bond 40 The endothermicities of the global processes are also rather large: 95.0 and 82.3 kcal/mol for N 2 and O 2 , respectively. So, it is unlikely that N 2 or O 2 will insert into T 8 under normal conditions.
After the molecule X 2 penetrates the cage, it may adopt the three possible orientations whose structure and relative MP2 energies are illustrated in Figure 5 . Each structure has been characterized as a stationary point on the PES.
The favored orientations are different for N 2 and O 2 . The N 2 molecule prefers to align in a parallel arrangement relative to the opposing oxygen atoms (structure A in Figure 5 ), while O 2 is aligned perpendicular to these atoms (structure B) In each case, the other two arrangements are first or second-order saddle point. The clusters with the N 2 molecule aligned with two opposite silicon atoms, Figure 5 , structure C, is the least stable. In this arrangement, the two nitrogen lone pairs point at the silicon atoms forming an apparent hypervalent coordination at each Si. Although in the present system this interaction is forced, due to the relative dimensions of the cage plus molecule of nitrogen, such pentavalent structures are common in silicon compounds. 41 B. T 10 . The POSS species of stoichiometry (RSiO 3/2 ) 10 , T 10 , is also well-known experimentally, 3, 42 and theoretically. 8 The larger size of the compound compared with T 8 might result in more isomers; however, only one, with D 5h symmetry and topology {4 5 5 2 }, has been observed experimentally (see Figure  6 , structure A). 3 To gain some insights into the experimental absence of other plausible T 10 structures, two additional structural isomers have been studied (Figure 6 , structures B and C). On the bases of the relative energies given in the figure, the isomers that contain D 3 faces are considerably less stable than the D 5h {4 5 5 2 } structure. This is consistent with the observation that only the latter isomer is found experimentally. In Table 2 are shown selected geometric parameters for the observed isomer, obtained from different sources. The theoretical description of this system reproduces its experimental structure reasonably well.
The T 10 and T 8 structures have similar Si-O bond lengths and angles, particularly in the atoms that construct the D 4 faces. Presumably, the energies associated with insertion into a D 4 face will be similar to those shown in Figure 4 . Therefore, the insertion of N 2 and O 2 into the D 5 face is considered here.
The energy profile for the insertion of N 2 and O 2 into the T 10 cage through the D 5 face is shown in Figure 8 . For both molecules, the penetration occurs through a C 5V transition structure (Figure 7) .
Since the D 5 face in T 10 is larger than the D 4 face in T 8 , the insertion of a molecule X 2 is easier. This fact is reflected by the small variation of the bond length of X 2 in the transition structure. The N 2 internuclear distance changes from 1.068 Å outside the cage to 1.062 Å in the TS, and the O 2 reduces its length from 1.153 to 1.152 Å when it reaches the TS. The very small decrease in the O-O bond length here, in contrast to the large increase in this distance in the T 8 TS, reflects the much smaller stress put on the O 2 molecule as it passes through a D 5 face. Similarly, the barriers and endothermicities for N 2 and O 2 insertion are much smaller than those calculated for the T 8 system. The MP2 insertion barriers for N 2 and O 2 are 65.8 and 52.6 kcal/mol, respectively. Although these energies are still large, they are much smaller than the Si-O bond energy. So, these insertions may be feasible at high temperatures and/or pressures. The structures of the two X 2 ::T 10 insertion products have D 5h symmetry (see structure A in Figure 9 ) and the endothermicities of formation are 24.0 and 19.2 kcal/mol for N 2 and O 2 respectively.
Besides the cluster with D 5h symmetry, another possible conformer with C 2V symmetry has been identified ( Figure 9,  structure B) . It could be associated either with the internal rotation of the X 2 molecule inside the cage or with the energetically less favorable insertion through the D 4 face. Structure B is less stable than structure A by 1.6 and 2.7 kcal/ mol when X 2 is N 2 or O 2 , respectively. C. T 12 . As the size of the cage increases, the number of possible structures increases. Twelve T 12 structures have been investigated (Figure 10) , and the two lowest energy isomers are those with D 2d and D 6h symmetry shown in Figure 11 .
As noted for the smaller T 8 and T 10 POSS, one can establish a relationship between the relative energy of two isomers and their topological structure: The more D 3 rings in the structure, the less stable it is. The exceptional instability of the D 3h structure (74.6 kcal/mol with respect to D 6h ) is due to the condensation of the six D 3 faces by pairs.
At the HF level of theory, the D 2d structure in Figure 11 is 4.7 kcal/mol more stable than the D 6h structure. MP2 also favors the D 2d structure by ca. 1.0 kcal/mol, 1.2 kcal/mol including the ZPE correction. In the solid state, the structure of the compound determined by X-ray diffraction is D 2d . 43 Also, in solution, by 1 H NMR and 29 Si{ 1 H}-NMR only the species with D 2d symmetry has been observed, despite this apparently small difference in energy. 3, 44 At the HF level of theory, Earley has estimated the difference between these isomers to 2.6 kcal/mol. 8b The homologous isostructural titanium compound (HTiO 3/2 ) 12 also has this energy order: The D 2h structure is 6.4 kcal/mol more stable than the D 6h one (3.6 kcal/mol at MP2/TZVP). 45 Selected geometric parameters for the calculated D 2d and D 6h structures are compared with experimental data obtained from diffraction experiments in Table 3 . The calculated D 2d geometry of {4 4 5 4 } topology is in good agreement with experiment. The two types of silicon atoms in this species are similar; the Si-H distances are 1.459 and 1.457 Å, and the Si-O bond distances are also very close to those calculated in previous POSS. The geometric parameters that characterize the D 4 and D 5 rings in this structure are similar to those calculated for T 8 and T 10 ; therefore, the energetics for the insertion of X 2 through these faces should be similar to those discussed earlier.
The T 12 -D 6h structure possesses a {4 6 6 2 } topology. Since the mechanism of X 2 insertion has already been studied for D 4 (in T 8 ) and D 5 (in T 10 ) faces, this section will focus on the same process through the D 6 ring in the T 12 -D 6h -POSS. The calculated MP2 energy profile and the symmetry of each stationary structure are presented in Figure 12 .
The energy barriers are considerably lower than those calculated for T 8 and T 10 . In addition, the energy differences and barrier heights for insertion into the D 6 face are now similar for N 2 and O 2 . The N 2 barrier is only 4 kcal/mol larger and the insertion is slightly exothermic; the O 2 insertion is essentially thermoneutral. In both mechanisms, the transition structure has C 6V symmetry ( Figure 13 ). As noted for the T 10 cage, the X-X distance slightly decreases with respect to the isolated molecules: 1.068 to 1.064 Å and 1.153 to 1.151 Å for the TS of N 2 and O 2 , respectively. Because of the large size of the D 6 ring, the geometrical parameters of the T 12 cage do not change much due to the insertion; moreover, the structures of both N 2 :: T 12 and O 2 ::T 12 TS are practically identical.
Once inside the T 12 cage, O 2 and N 2 can adopt three different orientations ( Figure 14) : one with D 6h symmetry, C, and two, A and B, with D 2h symmetry. For both N 2 and O 2 , the most symmetric D 6h rotamer ( Figure 14 , structure C), is slightly higher in energy than the others.
When X ) N, the preferred conformation has the axis of the N 2 molecule perpendicular to opposite D 4 faces of the T 12 (Figure 14 A) . The other D 2h rotamer corresponds to a transition structure. When X ) O, the energetic order of the structures reverses.
Electronic and Electrostatic Implications in the Insertion Mechanism
An interesting feature of the insertion mechanism is the polarization that the inserted molecule, X2, undergoes in the TS. Table 4 summarizes the Mulliken atomic charges on the oxygen and nitrogen atoms at the transition structures. For both N 2 and O 2 , the atom located inside the cage (X ins ) acquires a negative charge and the external atom (X out ) becomes positively charged. Since these charges are not equal in magnitude, there is also a net negative charge transfer to the inserting molecule. For N 2 , the positive charge on N out is approximately constant as the size of the cage increases, while the negative charge of the N ins decreases, so that the net charge on N 2 in T 12 is zero. However, even in this case there is a large polarization. A similar trend is observed for X ) O. So, there is a net transfer of 0.1 e from T 8 to N 2 or O 2 at the TS, but this charge transfer decreases to approximately zero for T 12 . On the other hand, since there is strong polarization independent of n in T n , one suspects that easily polarized molecules may insert more readily into these cages.
Conclusions
The current work assesses the possibility of inserting N 2 or O 2 into POSS cages as they pass through the faces (D 4 , D 5 , and D 6 ) of the polyhedra T 8 , T 10 , and T 12 .
The energy required to overcome the insertion barrier is close to the dissociation enthalpy of the Si-O bond when O 2 or N 2 pass through D 4 faces, but it dramatically decreases for D 5 and D 6 faces. Indeed, the insertion appears to be quite feasible through the D 6 face of T 12 .
Every POSS investigated shows higher permeability for O 2 than N 2 due to differences in deformability of the electron distribution of the molecular valence shell. However, this selectivity decreases as the size of the face increases: ∆E(D 4 ) ) 14.3 kcal/mol, ∆E(D 5 ) ) 13.2 kcal/mol, and ∆E(D 6 ) ) 4.1 kcal/mol. Given the small difference for the D 6 of T 12 , it is not clear that this cage can differentiate between N 2 and O 2 .
Acknowledgment. This work was supported by a grant from the Air Force Office of Scientific Research. The calculations reported here were performed on an Alpha Cluster, obtained by grants from the Department of Energy and the National Science Foundation, and on the Cray T3E at ERDC. B.T. thanks the Spanish Ministerio de Educación y Cultura for the Fellowship that has contributed to the realization of this work. 
References and Notes

